Abstract Identifying the spatial distribution of genetic variation across the landscape is an essential step in informing species conservation. Comparison of closely related and geographically overlapping species can be particularly useful in cases where landscape may similarly influence genetic structure. Congruent patterns among species highlight the importance that landscape heterogeneity plays in determining genetic structure whereas contrasting patterns emphasize differences in species-specific ecology and life-history or the importance of species-specific adaptation to local environments. We examined the interacting roles of demography and adaptation in determining spatial genetic structure in two closely related and geographically overlapping species in a pristine environment. Using single nucleotide polymorphism (SNP) loci exhibiting both neutral and putative adaptive variation, we evaluated the genetic structure of sockeye salmon in the Copper River, Alaska; these data were compared to existing data for Chinook salmon from the same region. Overall, both species exhibited patterns of isolation by distance; the spatial distribution of populations largely determined the distribution of genetic variation across the landscape. Further, both species exhibited largely congruent patterns of within-and among-population genetic diversity, highlighting the role that landscape heterogeneity and historical processes play in determining spatial genetic structure. Potential adaptive differences among geographically proximate sockeye salmon populations were observed when high F ST outlier SNPs were evaluated in a landscape genetics context. Results were evaluated in the context of conservation efforts with an emphasis on reproductive isolation, historical processes, and local adaptation.
Introduction
Identifying the distribution of genetic variation across the landscape is an essential step in informing species conservation. Landscape genetics methods facilitate our understanding of the role that landscape heterogeneity plays in shaping genetic structure in natural populations (Manel et al. 2003; Storfer et al. 2007 ). Comparison of closely related and geographically overlapping species can be particularly useful in cases where the landscape may similarly (or differentially) influence the genetic structure of multiple species (Marten et al. 2006; Olsen et al. 2011) . Congruent patterns among species may highlight the importance that landscape, including historical processes, plays in determining spatial genetic structure through demographic processes such as gene flow and genetic drift (Waples 1987; Petren et al. 2005; Gagnon and Angers 2006) . Conversely, contrasting patterns may emphasize differences in species-specific ecology and life history (i.e. differential dispersal abilities; Gomez-Uchida et al. 2009) or the importance of species-specific adaptation to local environments (Short and Caterino 2009 ). In either regard, an understanding of the interacting roles that gene flow, genetic drift, and local adaptation play in shaping genetic structure can greatly improve our knowledge of species and improve conservation efforts (Schwartz et al. 2009; Olsen et al. 2011) .
Traditional landscape genetics analyses have focused on divergence at loci assumed to be neutral to infer demographic history and population structure (Manel et al. 2003) . However, overemphasis on the role of reproductive isolation and under-emphasis on adaptive differences among populations has received scrutiny in conservation applications (Hard 1995; Pearman 2001; Schwartz et al. 2009 ). Here, we examined the interacting roles of demography and putative local adaptation in determining the spatial distribution of genetic variation in two closely related and geographically overlapping species in a largely pristine environment. We used single nucleotide polymorphism (SNP) loci that exhibit both neutral and putative adaptive variation to evaluate the spatial structure of sockeye salmon (Oncorhynchus nerka) in the Copper River, Alaska; these data were then compared to existing data available for Chinook salmon (O. tshawytscha), a congener from the same drainage (Seeb et al. 2009 ).
Pacific salmon are distributed throughout most river systems along the west coast of North America from central California north to Alaskan and Canadian rivers flowing into the Arctic Ocean (Behnke and Tomelleri 2002) . Five species of Pacific salmon are anadromous and semelparous. The two species in this study, sockeye salmon and Chinook salmon, support economically and culturally valuable fisheries in the Copper River, Alaska, and elsewhere. The high fidelity of Pacific salmon to their natal spawning and rearing environments results in genetic variation among discrete populations (Taylor 1991; Dittman and Quinn 1996; Quinn 2005) . Juvenile sockeye salmon primarily spend a year or more rearing in freshwater before emigrating to the marine environment; although a 'seatype' occurs in which juveniles may migrate to the marine environment in their first year (Quinn 2005; Wood et al. 2008) . Adult sockeye salmon usually mature and return to spawn in their natal freshwater environment at 4-5 years of age. Chinook salmon exhibit a similar life-history with one notable exception; juvenile sockeye salmon generally rear in lakes whereas juvenile Chinook salmon generally rear in fluvial environments (Behnke and Tomelleri 2002; Quinn 2005) .
The Copper River, with a drainage area of approximately 64,000 km 2 , provides a heterogeneous landscape to evaluate interactions between genetic and spatial variation in Pacific salmon. From its origins in the Wrangell, Chugach, and Alaska mountain ranges, the Copper River flows approximately 450 km south before emptying into the Gulf of Alaska (Fig. 1) . During its course, the river drains two unique environments. The upper Copper River and its main tributaries, the Slana, Tanada, Chistochina and Gulkana rivers, are relatively low gradient and drain large portions of tundra. The middle and lower Copper River and its main tributaries, the Tazlina, Klutina, Tonsina, and Chitina rivers, drain a more forested, mountainous landscape, are largely fed by glacial meltwater, and are characterized by higher gradient, glacially turbid reaches. Based on environmental differences between the upper and middle/lower Copper River and similar research conducted on Pacific salmon in subarctic North America (Olsen et al. 2011) , we hypothesize that sockeye salmon will exhibit an inland-coastal transition in the distribution of genetic variation, and that abrupt differences in allele frequencies (i.e. barriers) may occur between the two environments.
In this study we used a combination of population genetics and landscape genetics methods to assess the spatial genetic diversity of Pacific salmon in the Copper River. Our analyses and discussion focus primarily on sockeye salmon and evaluating the roles of spatial variation and putative local adaptation in shaping their hierarchical genetic structure in the Copper River drainage. The sockeye salmon data were drawn from a genetic baseline previously developed to document population structure and perform mixed stock analyses (Ackerman et al. 2011) . In addition, a comparable dataset was available for Chinook salmon in the Copper River (Seeb et al. 2009 ). We used a subset of this dataset to evaluate how the landscape (including historical processes) may similarly or differentially shape the genetic structure of the two species. Results from each species were used to evaluate the interacting roles of landscape heterogeneity and putative local adaptation in determining genetic variation.
On a large scale, we first predict that isolation by distance will be significant for sockeye salmon because the exchange of genetic material between geographically proximate populations will be more likely to occur than among more distant populations. Second, we predict that an inland-to-coastal transition of within-population diversity (allelic richness) will occur that coincides with the transition in environments between the upper and middle/ lower Copper River. Olsen et al. (2011) hypothesized, tested, and confirmed a similar pattern for Pacific salmon in neighboring regions. Third, we predict that sockeye and Chinook salmon will exhibit largely congruent patterns of hierarchical genetic structure, highlighting the importance that landscape heterogeneity and historical geologic processes play in determining the genetic structure in multiple species. And fourth, we predict that important putative adaptive differences between geographically proximate populations will be observed when incorporating high F ST outlier SNPs into the hierarchical structure analyses.
Spatial and genetic data were analyzed to test these four predictions. We found that the spatial distribution of sockeye salmon populations in the Copper River drainage primarily determined their genetic structure. Sockeye salmon populations throughout the upper Copper River exhibited less within-population diversity and greater population structure than populations in the lower Copper River, likely resulting from greater reproductive isolation and historical founder effects. Further, high F ST outlier SNPs revealed potential adaptive differences among geographically proximate sockeye salmon populations. Chinook salmon populations exhibited largely congruent patterns of hierarchical genetic structure demonstrating that landscape heterogeneity and historical processes similarly influence genetic variation in both species in the Copper River.
Methods
Genetic data for sockeye salmon within the Copper River drainage were drawn from Ackerman et al. (2011) . The data for 45 SNP loci included three mitochondrial and 42 nuclear loci described in Elfstrom et al. (2006) and Habicht et al. (2010) . Chinook salmon data were drawn from Seeb et al. (2009) ; data for 52 SNPs included one mitochondrial and 51 nuclear loci (Smith et al. 2005a (Smith et al. , b, 2007 Narum et al. 2008) . All collections were obtained between 2004 and 2009 (Table 1) . During field collections, a GPS waypoint or a physical description of each location was taken to later generate a GIS shapefile of the populations in ArcGIS 9.3 (ESRI, Redlands, California). Table 1 Conserv Genet (2013) 14:483-498 485 Sockeye salmon SNPs were evaluated for within-population diversity and among-population divergence in an effort to differentiate SNPs exhibiting neutral variation versus SNPs exhibiting greater divergence than expected under neutral processes (high F ST outlier SNPs). Ackerman et al. (2011) performed an F ST outlier analysis involving populations from the Copper River and adjacent drainages in southern Alaska (Alsek, Bering, and Eyak rivers and Prince William Sound), but as this study is only interested in adaptation occurring in geographically proximate populations within the Copper River, the analysis was repeated using the smaller dataset. The expected heterozygosity Guillot et al. 2009 ). Seeb et al. (2009 showed that this relationship holds true for Chinook salmon in the Copper River drainage. We wanted to determine whether this relationship was also significant for sockeye salmon in the region using a Mantel test implemented in GENALEX 6.3. A significant isolation-by-distance relationship would indicate that the spatial distribution of populations largely determines the genetic population structure, or in other terms, that straying individuals are more likely to reproduce with individuals from neighboring populations than with individuals from more distant populations. One hundred permutations were performed to test the statistical significance of the pairwise matrix correlations (Sokal and Rohlf 1995) . As the goal was to examine the dispersal ability or patterns of straying, outlier SNPs were eliminated from the isolation-by-distance analysis.
Decreases in allelic richness may be indicative of demographic isolation among populations or population bottlenecks (including founder effects). To examine for potential gradients of within-population diversity across the landscape for each species, we spatially interpolated the observed allelic richness of populations across the drainage using the ordinary kriging (Isaaks and Srivastava 1989) function in the geostatistical analyst toolbox in ArcGIS 9.3. Further, allelic richness was plotted as a function of upstream migration distance for each species. Upstream migration distance was measured as the fluvial distance from the mouth of the Copper River to each population's spawning habitat and was measured using ArcGIS 9.3. Allelic richness for each population was calculated in FSTAT v2.9.3.2 (Goudet 1995 (Goudet , 2001 ). Each population's allelic richness was calculated by averaging the allelic richness across loci. Mitochondrial and outlier SNPs were eliminated from allelic richness analyses. SAMOVA v1.0 (Spatial Analysis of Molecular Variance; Dupanloup et al. 2002) was used to evaluate patterns of spatial genetic structure for each species. SAMOVA performs a series of AMOVA analyses to define population groups that are geographically proximate and genetically similar and that are maximally differentiated from each other using a simulated annealing process (Kirkpatrick et al. 1983 ). The goal is to minimize the amount of variation that occurs within groups (F SC ) and maximize the amount of variation that occurs among groups (F CT ). The number of groups to be defined (k) is a user-defined variable; we conducted analyses of k equals 2 through 10 for each species and examined patterns of F SC and F CT for each k to determine the appropriate number of population groups. The analysis was initially conducted for each species using exclusively neutral SNPs. Following, analyses were re-run incorporating outlier SNPs to determine if putative adaptive variation among populations changed population groups suggesting signals of adaptive divergence among geographically proximate populations. Because latitude and longitude data do not reflect the true spatial relationships in a fluvial system (Olsen et al. 2011) , we calculated proxy x and y coordinates using a pairwise matrix of waterway distances between collections to project the populations on a multidimensional scale (MDS) using the program NTSYS (Rohlf 1994) . The populations were spatially referenced using the first and second MDS values (Manni et al. 2004 ).
The program BARRIER v2.2 (Manni et al. 2004 ) was used to identify any barriers to gene flow on the landscape and to complement the SAMOVA analysis (Olsen et al. 2011) . BARRIER uses Monmonier's maximum difference algorithm (Monmonier 1973) to detect areas of abrupt change in population divergence along edges of a Delaunay triangulation (Delaunay 1934 ) connecting population pairs. Simulations suggest the Monmonier's approach is better than the simulated annealing approach (SAMOVA) for identifying barriers, especially in cases where population divergence follows an isolation-by-distance model (Dupanloup et al. 2002; Manni et al. 2004 , Olsen et al. 2011 ). The first and second MDS values used in the SAMOVA analysis were also used to create the Delaunay triangulation used in BARRIER. We used a matrix of residuals (based on the observed isolation-by-distance relationship) rather than the observed F ST s as suggested by Manni et al. (2004) to account for patterns of isolation-by-distance (Olsen et al. 2011) . By using the residuals, the influence of isolation-by-distance is removed during the identification of barriers. To determine the robustness of identified barriers, 100 matrices of residuals were generated by bootstrapping across loci. Bootstrap sampling across loci and calculation of pairwise observed, expected, and residual F ST s were performed in R v2.9.2. R-scripts for bootstrapping residuals were written and provided by J. Olsen and J.
Bromaghin (USFWS, Anchorage, Alaska). Similar to the SAMOVA analysis, the BARRIER analysis was first conducted for each species using only neutral SNPs to identify any 'demographic barriers'. The analysis was then re-run incorporating outlier SNPs to determine if any additional 'adaptive barriers' were identified, suggestive of abrupt differences in allele frequencies at outlier SNPs. We recognize barriers if they were consistently identified with greater than 50 % bootstrap support.
Results
One sockeye salmon SNP (Ackerman et al. 2011) Among the sockeye salmon SNPs, One_MHC2_190 and One_MHC2_251 exhibit linkage disequilibrium (Ackerman et al. 2011), but both were retained for analyses as each were high F ST outliers. A composite phenotype for the two loci was used for both the SAMOVA and BARRIER analyses. The phenotype was generated by combining the two genotypes, ordering them alphabetically, and then assigning a numeric code to the resulting composite phenotype (Habicht et al. 2010) .
Based on the F ST outlier analysis, three sockeye salmon SNPs (One_GHII-2165, One_MHC2_190, and One_ MHC2_251) exhibited greater among-population diversity (above 99 % quantile) than expected under neutral processes; we classified these as high F ST outliers. For Chinook salmon, Seeb et al. (2009) identified one SNP (Ots_MHC-2) as a high F ST outlier at the a = 0.05 level using the infinitealleles model implemented in FDIST2 (M.A. Beaumont, University of Reading, UK; http://www.rubic.rdg.ac.uk/* mab/software.html). Figure 3a , b highlight outlier SNPs for both sockeye salmon and Chinook salmon, respectively.
Both sockeye salmon (r 2 = 0.241; p value \0.001) and Chinook salmon (r 2 = 0.362; p value \0.001; Seeb et al. 2009) exhibited significant isolation by distance (Fig. 4) . That is, according to the neutral variation observed among populations, gene flow was more likely to occur between geographically proximate populations than between more distant populations. For sockeye salmon, the linear relationship was F ST /(1 -F ST ) = (0.00009 9 rkm) ? 0.0206 where rkm is the number of fluvial kilometers between a pair of populations. For Chinook salmon, the linear relationship was F ST /(1 -F ST ) = (0.00008 9 rkm) ? 0.01. Pairwise residual matrices used in the BARRIER analyses were calculated based on the observed relationships.
Sockeye and Chinook salmon populations that spawn farther inland exhibited lesser allelic richness than populations that spawn nearer to the coast. Among sockeye salmon populations, the minimum allelic richness (1.61) was observed in the Fish Creek (8) population of the Gulkana River and the maximum (1.92) was observed in the Clear Creek at 40-mile (24) population in the lower Copper River (Table 1) . Allelic richness decreased as upstream migration distance increased for populations in both species, although the relationships did not appear to be linear. In particular, a marked decrease in allelic richness was observed in populations[375 km upriver for both species (Fig. 5) . Similarly, Seeb et al. (2009) showed that significant differences in allelic richness occurred among three geographic regions in Chinook salmon (upper Copper River \ Gulkana River \ lower Copper River) and that regions farther inland exhibited lesser allelic richness. Spatial patterns of allelic richness interpolated across the Copper River landscape (Figs. 1, 2) further supported these findings.
Nine sockeye salmon and six Chinook salmon population groups were suggested as appropriate by SAMOVA results when attempting to maximize among-group variation (F CT ) and minimize within-group variation (F SC ; Figs. 1, 2, respectively) using exclusively neutral SNPs. Although the F CT continued to increase slightly and the F SC continued to decrease slightly as the number of groups was increased for each species, the F CT largely plateaued and the F SC markedly decreased at these respective groupings (Table 3) . Findings from the SAMOVA analysis reflected what would be expected based on the within-population diversity (allelic richness) analyses. Two large groups of sockeye salmon populations dominated the middle/lower Copper River region where greater within-population diversity was observed among populations. The two groups include; (1) seven populations that all spawn less than 150 rkm from the mouth of the Copper River (below the confluence of the Chitina and Copper Rivers) and (2) nine populations throughout the Klutina, Tonsina, and Chitina river drainages within the middle Copper River. Among the sockeye salmon populations that spawn[375 km upstream of the mouth of the Copper River that exhibit decreased allelic richness, we identified six population groups, none of which were larger than three populations. The final population group for sockeye salmon was a single population, Long Lake (20) , that spawns in the Chitina River drainage. Among Chinook salmon populations, which all spawn above the confluence of the Chitina and Copper Rivers, we identified six population groups of which none were larger than four populations. Results suggested that nine sockeye salmon and six Chinook salmon population groups were still appropriate after incorporating outlier SNPs into the SAMOVA analysis. For Chinook salmon, the population groups remained the same after Ots_MHC-2 was included with the neutral SNPs. However, two sockeye salmon populations changed groups, suggesting putative adaptive differences between geographically proximate populations. First, the Klutina Lake outlet (17) population that previously clustered with the large group encompassing the Klutina River, Tonsina River, and two populations from the Chitina River transferred to a group including the Keg Creek (6), East Fork Gulkana River-early run (9), and East Fork Gulkana River-late run (10) populations in the upper Copper River when incorporating outlier SNPs. Similarly, the Bear Island (19) population originally in the same large group as the Klutina Lake outlet population moved to a group with the Mendeltna Creek (11) population in the Tazlina River.
BARRIER results for both species largely corroborated findings from SAMOVA. For sockeye salmon, five barriers consistently occurred with greater than or equal to 50 % bootstrap support, and all barriers occurred between SAMOVA population groups (Fig. 1) . Of the five barriers, four occurred in the upper Copper River above the 375 km transition area. The remaining barrier occurred below the Long Lake population identified as its own distinct population group in the Chitina River according to the SAM-OVA analysis. Further, similar to the SAMOVA analysis, an additional 'adaptive barrier' was observed above the population that spawns in the mainstem Klutina River below Klutina Lake (17) when incorporating the outlier SNPs, separating itself from the five other populations that spawn in tributaries above Klutina Lake. For Chinook salmon, four barriers consistently occurred with greater than 50 % bootstrap support, and each of the barriers occurred between SAMOVA population groups ( Fig. 2) one of which occurred near the 375 km region in the upper and the middle/lower Copper River 'transition zone' (see ''Discussion'' for explanation). After incorporating Ots_MHC-2 into the Chinook salmon barrier analysis, no additional 'adaptive barriers' were identified.
Discussion
Genetic differences among populations are inversely related to the exchange of genetic information, and under an isolation by distance model, the exchange of genetic information depends largely on the geographic proximity between populations. Decreases in gene flow owing to isolation by distance can result from two factors: (1) individuals are more likely to stray into the most geographically proximate populations (Olsen et al. 2008) , and (2) barriers may limit gene flow in particular locations (Dupanloup et al. 2002; Guillot et al. 2009 ). In Pacific salmon, approximately 95-99 % of individuals home to their natal spawning habitat as adults; the remainder are termed 'strays' and may reproduce with non-natal populations (Quinn 2005) . Generally, strays are more likely to reproduce with proximate populations than with more distant populations (Quinn 1993; Unwin and Quinn 1993) . Table 1 Conserv Genet (2013) 14:483-498 491 Further, the presence of in-stream velocity or ecological barriers has been shown to hinder the exchange of genetic material between proximate populations in Pacific salmon (Ramstad et al. 2004; Lin et al. 2008) . For sockeye and Chinook salmon in the Copper River, the observed isolation by distance pattern appears to result from a combination of spatial patterns of straying and the presence of barriers to gene flow. Along a continuum, populations tend to be more similar to proximate populations than they are to more distant populations, suggesting that the exchange of genetic information is more common in geographically proximate populations. Also, in each species, abrupt changes in allele frequencies were also observed in geographically proximate populations, suggestive of barriers. In either regard, it appears that the spatial distribution of populations in the Copper River largely determines the distribution of hierarchical genetic variation in both species. Three barriers identified in the sockeye and Chinook salmon BARRIER analyses show areas of abrupt changes in allele frequencies in proximate populations. For example, a barrier was detected (100 % bootstrap support) downstream of the sockeye salmon population in Fish Creek (8) in the Gulkana River (Fig. 1) . The barrier was also supported by the SAMOVA analysis; the Fish Creek population formed its own distinct population group (Table 3) proximity (*13 km) to two downstream populations, the East Fork Gulkana River-early (9) population and East Fork Gulkana River-late (10) population that are genetically similar to each other. However, the Fish Creek population appeared to be genetically distinct suggesting that little gene flow occurs between the two groups despite their close proximity. Similarly, a barrier (94 % bootstrap support) was identified below the Long Lake (20) sockeye salmon population.
The Long Lake population formed its own distinct population group (Table 3) , despite the fact that the population spawns between two other populations in the Chitina River (Fig. 1) , each of which were identified as part of the large middle Copper River population group. The Long Lake population is unique in that individuals reach the spawning grounds in August and September, similar to many other populations in the region, but have the longest known spawning duration (August through April) of any sockeye Figs. 1 and 2 . The numbers in each group indicate the population ID in Table 1 Conserv Genet (2013) 14:483-498 493 salmon population in North America, spawning through the winter and into spring during large returns (http://www.nps. gov/wrst/parkmgmt/long-lake-fish-weir.htm). The extended spawning duration in Long Lake is possible because the northwest corner of the lake rarely freezes; presumably due to a spring outlet in the area. In Pacific salmon, temporal differences in spawning between populations can be a major contributing factor in determining genetic population structure (O'Malley et al. 2007; Creelman et al. 2011) . It must be noted that the Long Lake population was sampled in 2005, 3-4 years previous (approximately one generation) to a majority of sockeye salmon collections in the study (including the other two Chitina River collections). However, Ackerman et al. (2011) documented temporal genetic stability across approximately 4 generations in sockeye salmon populations from the lower Copper River; thus year of sampling likely does not explain the observed genetic structure in the Chitina River. Moreover, Gomez-Uchida et al. (2012) documented that temporal changes (across 25-42 years) were radically smaller than spatial changes in nuclear SNP allele frequencies in sockeye salmon populations from southwest Alaska. The genetic distinction of the Long Lake population is likely a result of its interannual temporal separation (spawn timing differences) from surrounding populations. This is in contrast to the general spatial pattern observed throughout the Copper River and highlights the role that differences in spawning timing can play in shaping genetic structure on a local scale. Finally, we detected a barrier (97 % bootstrap support) downstream of the Mendeltna Creek Chinook salmon population (9) located in close proximity (*12 km) to the Kaina Creek population (10). The Kaina Creek population was in a group that included two populations from the adjacent Klutina and Tonsina rivers according to the SAMOVA analysis. The three above mentioned barriers highlight the contribution of in-stream barriers, including 'temporal barriers', to the observed isolation by distance pattern in each species.
Both sockeye and Chinook salmon exhibited a similar inland-to-coastal gradient of within-population diversity; populations in the upper Copper River had less withinpopulation diversity than populations from the middle and lower Copper River. Similar patterns have been observed in Pacific salmon species elsewhere in subarctic North America (Habicht et al. 2004; Olsen et al. 2011 ). In our study, populations [375 km upriver showed a marked decrease in allelic richness (Fig. 5 ) and generally exhibited lower expected heterozygosity (Table 1 ). The transition in allelic richness observed in both species coincides with the confluence of the Tazlina and Copper rivers 'transition zone' where the Copper River drainage transitions from a primarily tundra environment in the upper drainage to a more forested, mountainous environment in the middle/ lower Copper River. An example of the influence of this transition zone are the sockeye (11) and Chinook (9) salmon populations that spawn in Mendeltna Creek within the Tazlina River drainage; each of these populations formed its own discrete population group in the SAMOVA analyses. Results from the among-population analyses conducted in SAMOVA and BARRIER support the observed transition zone, particularly in sockeye salmon. Sockeye salmon populations above the transition zone exhibited greater hierarchical population structure and four of the five barriers identified using neutral SNPs were located in the upper Copper River. Populations of both species exhibited decreased within-population diversity above the transition zone (Fig. 5) .
The lower within-population diversity of salmon populations in Mendeltna Creek and the upper Copper River may be attributable to two primary factors: (1) influence from genetic drift due to smaller, geographically isolated populations (Olsen et al. 2011) and (2) founder effects (Ramstad et al. 2004; Olsen et al. 2011) . Above the transition area, populations tend to be geographically isolated relative to populations below (Wade et al. 2008) promoting decreased gene flow and increased genetic drift. However, historic processes contributing to founder effects also likely contribute to the decreased within-population diversity. Sockeye salmon populations in the upper Copper River may have been founded by individuals that persisted in a northern glacial refuge (Lindsey and McPhail 1986) . During the height of the most recent glaciation, known as the McConnell/McCauley Glaciation, ice-free areas persisted north of the ice in regions near the present day upper Alsek, Copper, Mackenzie and Yukon river drainages (Smith et al. 2001 ). Although it is unclear whether sockeye and Chinook salmon occupied the region during the glaciations, Smith et al. (2001) provide evidence that coho salmon (Oncorhynchus kisutch) populations may have persisted in the region in small numbers. Olsen et al. (2011) We identified interesting putative adaptive differences in sockeye salmon in the Klutina River drainage when incorporating outlier SNPs into SAMOVA and BARRIER analyses. The sockeye salmon population that spawns in the mainstem Klutina River below the outlet of Klutina Lake (17) grouped with populations throughout the middle Copper River (including five populations that spawn in tributaries above Klutina Lake) when using exclusively neutral SNPs. However, the mainstem Klutina River population changed groups and joined three populations from the Gulkana River drainage (Fig. 1) when outlier SNPs were incorporated. An additional 'adaptive barrier' was identified above this population using BARRIER. The potential adaptive differences observed between the population below Klutina Lake and the five populations that spawn in tributary habitats above Klutina Lake are primarily due to allele frequency differences observed at One_MHC2_190 and One_MHC2_251. Interestingly, the Klutina Lake outlet population may be of the sea/river ecotype as defined by Wood et al. (2008) whereas the five populations spawning above Klutina Lake are presumably of the lake ecotype (Ackerman et al. 2011) . The lake ecotype is the typical form of sockeye salmon that spends about half its life in a nursery lake before emigrating to the marine environment to mature, whereas the sea/river ecotype is a rarer form that rears in the freshwater environment for a much shorter and more variable period of time. Large differences in MHC allele frequencies between geographically proximate populations of the two ecotypes have been observed elsewhere throughout the range of sockeye salmon (Creelman et al. 2011; Gomez-Uchida et al. 2011; McGlauflin et al. 2011 ). The two sockeye salmon MHC SNPs are found in one exon (One_MHC2_190) and one intron (One_MHC2_251) within a Major Histocompatibility Complex (MHC) class II gene (Miller and Withler 1996; Miller et al. 2001; Limborg et al. 2011) . Several studies support the adaptive nature of MHC polymorphisms related to pathogen-mediated selection (Dionne et al. 2009; Evans and Neff 2009; McGlauflin et al. 2011; Gomez-Uchida et al. 2011) . Differences in the spawning and rearing habitats (i.e. temperature regimes, flow velocity) between the two ecotypes may provide a mechanism for the adaptive differences observed among populations occurring in the Klutina River drainage.
Defining a locus as a high F ST outlier generally requires obtaining good estimates of genome-wide null distributions of F ST as a function of heterozygosity (Excoffier et al. 2009 ). F ST outlier analyses performed in this study for sockeye salmon were based on 41 SNPs and for Chinook salmon were based on 37 SNPs. Although the authors acknowledge that the SNP sets evaluated here for both species provide less than ideal genome wide coverage and that results based on outlier SNPs should be interpreted with caution, we believe that evaluation of results is merited. F ST outlier analyses using FDIST2 and ARLEQUIN v3.5 have been shown to be effective in detecting high F ST outliers using simulated datasets with relatively low number of loci (i.e. 100 SNPs, Narum and Hess 2011). Further, the contradicting results between analyses based on exclusively neutral SNPs and analyses based on both neutral and outlier SNPs in this study are largely driven by the 3 MHC SNPs screened in this study (2 for sockeye salmon, 1 for Chinook salmon; Fig. 3 ). As noted above, the adaptive nature of MHC markers associated with pathogenmediated selection in salmon has been well documented.
Identifying the correct number of groups (k) in the SAMOVA analysis was partially subjective as there was not a clear drop in F SC or a marked plateau in F CT , particularly for the sockeye salmon dataset. Unlike other commonly used clustering programs (i.e. BAPS Corander et al. 2008 or STRUCTURE Pritchard et al. 2000 , SAM-OVA does not assign a likelihood value to each model that could be used in model selection. Thus, there is no objective ''optimal k''. For instance, examining Table 3 for the sockeye salmon dataset, an argument could be made for k = 7 and k = 5a as the optimal values. Nine population groups for the neutral dataset were chosen because the among-group variation (F CT ) reached a maximum at k = 9; however, a greater decrease in within-group variation (F SC ) occurred as k was increased from 6 to 7 than when k was increased from 8 to 9. For the dataset combining both neutral and outlier SNPs, a similar pattern occurred in which the decrease in F SC going from 4a to 5a was greater than occurred between 8a and 9a. However, when increasing from k = 4a to 5a, F CT actually decreased. Thus, 9a was chosen as the optimal k in lieu of 5a when incorporating outlier SNPs. The basis for the selection of 9 and 9a as the 'optimal k' for sockeye salmon was due to placing particular emphasis in identifying a maximum or plateau in F CT for identifying the correct number of groups (Dupanloup et al. 2002) . Interestingly, the barriers identified in the complimentary BARRIER analysis emerged primarily at lower values of k (namely k = 7 and 7a), lending support to lower values of k; the appropriate groupings from SAMOVA were determined a priori to BARRIER analyses. For clustering analyses such as SAMOVA and other similar software packages, it can be informative to evaluate how population groups 'decompose' as k is increased, rather than simply determining an optimal k. For example, during the transition from k = 6-7 in the neutral dataset, the Slana River populations [1] [2] [3] emerged as a population group; when transitioning from k = 8-9, the Mendeltna Creek population [11] emerged as a population group. These results may suggest that Slana River populations are more genetically distinct than the Mendeltna Creek population. By mapping how population groups decompose as k is increased over time, patterns of differentiation may be inferred. Table 3 shows that populations from the upper Copper River (and Long Lake) tend to 'separate' or 'decompose' at lower values of k, corroborating the patterns of increased amongpopulation differentiation and decreased within-population diversity observed.
The description of conservation units has previously been criticized for the overemphasis of reproductive isolation based on information from loci assumed to be neutral and the resulting under-emphasis of adaptive variation among populations (Allendorf and Luikart 2007) . The developing field of landscape genomics aims to include large numbers of loci exhibiting both neutral and adaptive variation to not only make inferences regarding gene flow and drift, but also to tease apart information regarding evolutionary forces and local adaptation influencing natural populations (Schwartz et al. 2009; Limborg et al. 2011 ). Although we do not suggest that the methods presented here constitute a landscape genomics analysis, we do emphasize that the putative adaptive differences observed among the Klutina Lake sockeye salmon populations highlight the role of local adaptation in determining genetic variation. In the past, landscape geneticists have largely viewed loci under selection as nuisances that should be avoided (Schwartz et al. 2009 ), but we show that incorporating outlier loci into landscape genetics analyses can provide valuable insight into adaptive processes. Variation at outlier loci should be recognized when planning conservation efforts (Limborg et al. 2011) .
We identified largely congruent patterns of spatial genetic structure between sockeye and Chinook salmon in the Copper River, emphasizing the role that landscape heterogeneity plays in determining spatial patterns of genetic variation among the closely related species. On a large scale, both species exhibited significant patterns of isolation by distance demonstrating that the spatial distribution of populations was the primary determinant of the genetic structure in each species. Further, inland populations of both species exhibited decreased within-population diversity resulting from a combination of reproductive isolation and historical processes including founder effects. On a smaller scale, temporal differences observed in the Chitina River sockeye salmon populations and putative adaptive differences observed in the Klutina River sockeye salmon populations emphasized the role that differences in spawning timing and local adaptation can play in determining genetic structure. Our results demonstrate that including genetic divergence at outlier loci together with divergence at neutral loci can enhance and help determine priorities when identifying units of conservation.
